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ABSTRACT A survey of 53 Bemisia argentifolii Bellows & Perring populations from different
agricultural regions in California and Arizona was conducted from 1997 to 1999 to establish baseline
toxicological responses to buprofezin and pyriproxyfen. Although both compounds proved to be
highly toxic even in minute quantities to speciÞc stages, geographical and temporal differences in
responses were detected using a leaf spray bioassay technique. Monitoring for three years revealed
that six to seven populations had higher LC50 values but not greater survival when exposed to these
two insecticides. A signiÞcant difference in relative susceptibility to buprofezin was Þrst observed
in late season1997 inSanJoaquinValleypopulationswithLC50s ranging from16 to22mg(AI)/liter�1

comparedwith LC50s of 1 to 3mg (AI)/liter�1 in Imperial, Palo VerdeValley and Yuma populations.
Whiteßies collected in subsequent years from these and other locations showed an increase in
susceptibility to buprofezin. Regional differences in susceptibilities to pyriproxyfen were minimal
within the same years. Three years of sampling revealed consistently higher LC50s to pyriproxyfen
in populations from Palo Verde Valley, CA, compared with whiteßies from Imperial, San Joaquin
Valley or Yuma. As was the case with buprofezin, a decline in LC50s to pyriproxyfen was observed
in whiteßies from all locations sampled in 1999. However, no correlation was observed between
buprofezin and pyriproxyfen toxicity in any of the strains. The variable toxicities observed to both
compounds over a period of 3 yrmay be due principally to inherent differences among geographical
populations or due to past chemical use which may confer positive or negative cross-resistance to
buprofezin or pyriproxyfen.
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UNDER THE CURRENT control programs for the whiteßy,
Bemisia argentifolii Bellows & Perring, the combined
cost of control on agricultural and ßoricultural crops
is estimated to be approximately $1 billion in the
United States. Suppression of the high numbers of B.
argentifolii populations on various crops is still accom-
plished with insecticides. Concerns about insecticide
resistance development to conventional insecticides
has generated considerable interest in the use of
chemicals with novel modes of action. Novel chem-
istries can be integrated into control programs to pro-
vide efÞcacious pest management and reduce resis-
tance risk. The use of insecticide rotations is an
effective strategy for delaying resistancedevelopment
(Georghiou 1983, 1994) and it is therefore important
to integrate these new chemicals into resistance man-
agementprograms todelay theevolutionof resistance.
Onegroupof chemistries that has great potential for

reducing broad scale insecticide use is comprised of
the insect growth regulators (IGRs). Their unique
mode of action is very selective and insect-speciÞc

(Miyamoto et al. 1993). These compounds are slow
acting against a narrow range of sensitive stages of the
insectÕs life cycle with high potency against target
pests (Casida and Quistad 1999). Two new IGR in-
secticides, buprofezin (Applaud 70 WP) and pyri-
proxyfen (Knack 0.86 EC), have been introduced into
California and Arizona agriculture under section 18
legislation. Buprofezin, an inhibitor of chitin synthesis
is active against the immature stages of whiteßies. It
acts by disrupting molting of larval stages to the adult
stage (Ishaaya et al. 1988). Pyriproxyfen is a juvenile
hormone analog that inhibits juvenile hormone (JH)
synthesis in the corpora allata thus simulating the
activity of endogenous JH (Baker et al. 1986). Pyri-
proxyfen is known to be active againstmany species of
insects including mosquitoes, houseßies, aphids,
greenhousewhiteßy andpear psylla (Mulla et al. 1986,
Iwanaga and Kanda 1988, McMullen 1990, Hatakoshi
1992). It has ovicidal and sterilant activities and is toxic
to sweetpotato whiteßy (Bemisia tabaci Gennadius)
eggs by suppressing embryogenesis, but is not known
to be acutely toxic to adults (Ishaaya and Horowitz
1992, Horowitz et al. 1994, Ishaaya et al. 1994). Both
buprofezin and pyriproxyfen are extremely effective
in suppressionofwhiteßynumberswhen applied at an
appropriate stage. These two IGRs may be useful in
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maintainingwhiteßy infestation ratesbeloweconomic
injury levels. Reduction of Þeld infestations early in
the crop season by these would enhance the efÞcacy
of other products later in the season due to the pres-
ence of parasitoids and other natural enemies.
An inevitable limitation in the use of any new class

of insecticide is the development of resistance over
time. Resistance to newly registered products is of
particular concern because they are often more ex-
pensive thanolder insecticidesdue to their higher cost
of development in the modern and more demanding
regulatory environment. Moreover, new product de-
velopment has slowed considerably relative to de-
cades past, therefore requiring greater stewardship to
conserve their activities. The susceptibility of an in-
sect population to newer insecticides can be inßu-
enced by the past history of exposure to insecticides
(Georghiou andTaylor 1986). The risk of resistance to
new products can also be expected to increase where
continuous long-term use of a product is practiced.
Resistance monitoring surveys that are capable of de-
tecting shifts in insect responses canplay an important
role in the long-term management of insecticide re-
sistance. The early detection of resistance potentially
enables counter-resistance measures to be taken in
conjunction with any strategy that may already be in
practice as part of an insecticide resistance manage-
ment (IRM) program.
The novel chemistries represented by buprofezin

andpyriproxyfenmandated thatwide-ranging surveys
ofB. argentifoliipopulations be conducted to establish
a response range to each product before their wide-
spread use. Quantitative information on differential
toxicityobtained in amonitoringprogram is crucial for
validating and Þne-tuning resistance management
strategies for this pest.
In this study, the baseline susceptibilies of the im-

mature andegg stages of several natural populations of
whiteßies from California and Arizona to buprofezin
and pyriproxyfen, respectively were measured. The
initial and subsequent determination of dose-mortal-
ity relationships of the two IGRs againstwhiteßieswill
be a measure of changes in efÞcacy of the two prod-
ucts as they are being used with increasing frequency
over time. The time frame of this study was three
years.

Materials and Methods

Insects. Populations of adult whiteßies collected
from cotton, melon and broccoli Þelds in Imperial,
Palo Verde, San Joaquin Valleys in California and
Yuma, AZ, were tested for their susceptibility to bu-
profezin and pyriproxyfen from 1997 through 1999.
Collections were made at various times from July
through December of each year to include mid- and
late season cotton and early season melons and broc-
coli. The total numberof sites thatwere sampled in the
four agricultural regions varied from year to year. In
Imperial Valley, 4, 6, and 12 sites were selected for
sampling in 1997, 1998, and 1999, respectively. Eleven
Þelds were sampled in Palo Verde Valley from 1997 to

1999. An average of three Þeld sites per year were
selected in San Joaquin Valley for this study. Addi-
tionally, whiteßies from four and three sites in Yuma,
AZ, were included for comparison of susceptibility to
the two IGRs during 1998 and 1999, respectively.
Adults were collected by vacuuming on the foliage of
the various crops. The adults were transported to the
laboratory in wooden transfer cages on cotton plants
for testing. Susceptibility of these whiteßies to bupro-
fezin and pyriproxyfen was determined using the leaf
spray bioassay described below.
Adult whiteßies collected from both states have

been exposed to a number of insecticides including
pyrethroids, organophosphates, and imidacloprid for a
number of years. However, the comparison of cross-
resistance patterns between the two IGRs and con-
ventional insecticides in the wild populations of
whiteßies was not the goal of this study, so the history
of past insecticide use against these populations was
not considered here.

Insecticides. Formulated grade samples of bupro-
fezin (Applaud) and pyriproxyfen (Knack) were ob-
tained fromAgrEvoUSACompany(Wilmington,DE)
and from Valent (Walnut Creek, CA), respectively.
Preliminary studies were performed with each com-
pound to determine the appropriate concentration
ranges for testing. Serial dilutions of these two mate-
rials to the desired Þve to six concentrations were
made inwateron the samedayof application.Units for
these two compounds are presented in mg (AI)/li-
ter�1.

Bioassay Techniques. Buprofezin bioassay. Imma-
ture susceptibility to buprofezin was determined in
bioassays on cotton, Gossypium hirsutum ÔDeltapine
Õ5415Õ, plants in the two true-leaf stage as described in
Toscano et al. (1998). Forty unsexed adult whiteßies
were conÞned on individual attached cotton leaves in
clip cages of 8 cm2 for 24 h to allow oviposition to
obtain atleast 30 eggs but usually obtained more.
Adults were removed from the infested leaves after
24 h. Egg-infested plants weremaintained inwhiteßy-
free cages within a growth chamber at 27�C, 30Ð40%
RH, and a photoperiod of 12:12 (L:D) h. Seven days
after egg deposition, sessile Þrst instar nymphs were
counted before treatment. Not all the eggs laid
hatched so the groups of Þrst instars that were treated
by various concentrations varied from leaf to leaf with
a minimum of 25 but usually around 40Ð50. Leaves
infested with Þrst immature stage were then sprayed
to run-off with various concentrations of buprofezin.
Five to six concentrations resulting in 10Ð95% mor-
tality were selected and sprayed for each test. Each
treatment was replicated three to four times. Control
plants were sprayed with water alone. Treated plants
were maintained in whiteßy-free cages in a green-
house (28 � 3�C) to allow time for development.
Immaturemortalitywas assessedbycounting the third
and fourth stage nymphs that were alive on day 16
after oviposition. Insects were considered dead if they
were dry and could be separated easily from the leaf
surface.Thenumber alivewasdeducted from the total
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number of Þrst stage nymphs that were recorded on
day 7 before treatment to assess mortality rates.

Pyriproxyfen Bioassay.Cotton leaves were infested
with eggs as described with buprofezin by conÞning
forty adults per leaf in the clip cages for 24 h. The total
number of eggs on each leaf was counted before the
application of pyriproxyfen. Leaves thatwere infested
with a minimum of 30 eggs were used for the tests.
Leaves with fewer eggs than 30 were discarded.
Leaves were sprayed to run-off on the same day with
Þve to six concentrationsof pyriproxyfen ranging from
0.5 to 323 mg (AI)/liter�1. In most cases, six concen-
trations plus a water control were replicated three
times against each population.
Treated plants were maintained in whiteßy-free

cages in a growth chamber at 27�C, 30Ð40% RH, and
a photoperiod of 12:12 (L:D) h to allow development
of the immatures. Egg mortality was assessed 7Ð8 d
after treatment by subtracting the number of live Þrst
stage nymphs from the total number of eggs laid. Total
mortalitywas calculated by subtracting the number of
Þrst stage nymphs alive from the total number of eggs
laid.

StatisticalAnalysis.Bioassaydata on themortality of
the immatures exposed to the two IGRs were pooled
and analyzed based on standard probit analysis as

adapted to personal computer use by the POLO pro-
gram (LeOra Software 1987). Differences in LC50s
between populations were considered signiÞcant
(�0.05) when 95% conÞdence intervals did not over-
lap. Data for 3-yr comparison for each compound was
analyzed deriving treatment means for each of the
three trials and by using the three means in one-way
analysis of variance (ANOVA) using the statistical
package for the Macintosh (SAS Institute 1994) with
means separated by the Tukey-Kramer honestly sig-
niÞcant difference (HSD) test (0 � .05). Data for this
part is presented as means � SEM graphically.

Results

Baseline Susceptibility to Buprofezin. Buprofezin
susceptibility results for all whiteßy populations sam-
pled between 1997, 1998 and 1999 are presented in
Tables 1Ð3. Although all the populations tested appear
to be highly susceptible (based on long-term survival)
to buprofezin, there were some signiÞcant regional
differences detected. The range of sensitivity varied
by as much as 1,238-fold with some signiÞcant probit
regressionestimatesduring the3yrof sampling(Table
1Ð3). The LC50 values ranged from 0.03 to 37.14 mg
(AI)/liter�1 for the whiteßies from the three valleys

Table 1. Baseline monitoring of field populations of whiteflies from California to buprofezin in 1997

Location Field# Date/Year n Slope � SE
LC50 (mg [AI]/1�1)

(95% CI)
�2 (df)

Imperial 1 July Õ97 1,148 1.5 � 0.11 4.57 (1.92Ð11.76) 6.64 (5)
Imperial 2 July Õ97 792 1.1 � 0.44 1.31 (0.09Ð10.54) 8.91 (4)
Imperial 3 Sept Õ97 574 2.2 � 0.58 4.34 (1.23Ð9.12) 10.79 (5)
Imperial 4 Sept Õ97 624 1.4 � 0.25 2.12 (0.53Ð12.47) 8.26 (5)
Imperial 5 Oct Õ97 946 1.1 � 0.40 2.74 (0.06Ð16.38) 7.74 (4)
Palo Verde 1 Aug Õ97 670 1.1 � 0.20 2.68 (0.21Ð17.85) 10.82 (5)
Palo Verde 2 Aug Õ97 698 1.2 � 0.17 1.88 (0.11Ð11.85) 6.13 (4)
Palo Verde 3 Sept Õ97 583 1.4 � 0.18 2.01 (0.84Ð15.31) 5.66 (5)
San Joaquin 1 Aug Õ97 378 2.3 � 0.13 22.28 (14.21Ð29.2) 9.25 (5)
San Joaquin 2 Aug Õ97 380 2.8 � 0.23 37.14 (28.33Ð41.0) 8.43 (5)
San Joaquin 3 Sept Õ97 360 2.4 � 0.27 14.85 (10.28Ð24.3) 10.18 (5)
San Joaquin 4 Sept Õ97 340 1.2 � 0.34 9.55 (1.89Ð19.7) 6.96 (4)
San Joaquin 5 Oct Õ97 458 1.5 � 0.31 3.88 (0.93Ð14.22) 9.39 (5)
San Joaquin 6 Oct Õ97 536 1.4 � 0.30 1.19 (0.09Ð10.57) 5.12 (4)

Table 2. Baseline monitoring of field populations of whiteflies from California and Arizona to buprofezin in 1998

Location Field # Date/Year n Slope � SE
LC50 (mg [AI]/1�1)

(95% CI)
�2 (df)

Imperial 1 Aug Õ98 1,157 3.5 � 0.09 0.24 (0.10Ð1.85) 10.19 (5)
Imperial 2 Aug Õ98 569 2.1 � 0.25 3.11 (0.86Ð10.24) 6.43 (5)
Imperial 3 Sept Õ98 453 2.0 � 0.19 2.97 (1.01Ð12.45) 8.21 (5)
Imperial 4 Sept Õ98 621 1.1 � 0.17 1.56 (0.35Ð13.92) 7.13 (4)
Imperial 5 Oct Õ98 636 1.3 � 0.22 1.15 (0.36Ð11.29) 8.82 (5)
Imperial 6 Nov Õ98 733 1.9 � 0.13 1.66 (0.67Ð10.89) 7.56 (5)
Palo Verde 1 Aug Õ98 384 1.0 � 0.45 2.75 (0.83Ð18.78) 10.81 (5)
Palo Verde 2 Aug Õ98 671 1.5 � 0.25 0.32 (0.07Ð4.21) 7.73 (5)
Palo Verde 3 Oct Õ98 456 1.0 � 0.52 0.86 (0.04Ð6.36) 6.41 (4)
San Joaquin 1 Aug Õ98 363 1.1 � 0.41 1.61 (0.08Ð11.72) 9.32 (5)
San Joaquin 2 Aug Õ98 476 1.6 � 0.27 3.21 (0.91Ð8.34) 6.14 (4)
San Joaquin 3 Sept Õ98 1348 1.3 � 0.38 0.43 (0.05Ð5.78) 5.56 (5)
Yuma 1 Aug Õ98 751 1.2 � 0.24 3.25 (0.89Ð10.45) 4.48 (4)
Yuma 2 Aug Õ98 533 1.1 � 0.31 1.87 (0.07Ð8.73) 10.75 (5)
Yuma 3 Sept Õ98 1,122 2.5 � 0.22 1.25 (0.08Ð5.83) 9.87 (5)
Yuma 4 Sept Õ98 893 2.1 � 0.29 2.76 (0.79Ð6.33) 7.61 (5)
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inCaliforniaduring the threeyears. This indicates that
whiteßieswere sensitive in generalwith the exception
that populations from San Joaquin Valley were signif-
icantly less susceptible to buprofezin thanpopulations
from thedesert regions. Intraregional responses of San
Joaquin Valley whiteßies in toxicity to buprofezin
were signiÞcant (a � 0.05) in 1997 based on nonover-
lapping of their 95%CI (Table 1). During 1997, white-
ßies sampled from Þve sites in San Joaquin Valley
represented the least susceptible (LC50 � 37.14 mg
[lksqb]AI]/liter�1) as well as the most susceptible
(LC50 � 1.19 mg (AI)/liter�1) of the interregional
populations to buprofezin during that season. Toxicity
varied by as much as 28-fold between the San Joaquin
Valley whiteßies and those of Palo Verde or Imperial
Valley (LC50s ranging from 1.31 to 4.57 mg [AI]/
liter�1). Although no striking differences were found
in whiteßy responses from Imperial and Palo Verde
Valleys in 1997, the sensitivity of whiteßy populations
from the Imperial valley to buprofezin increased in
1999 as indicated by the lowerLC50s ranging from0.03
to 2.21 mg (AI)/liter�1. Also the San Joaquin Valley
whiteßies represent a signiÞcant departure in their
responses in 1998 and 1999 compared with the LC50s
in 1997 (Toscano et al. 1998).
Results ofwhiteßy responses from the study areas in

California were compared with those collected from
three to Þve additional Þeld sites in Yuma region
during 1998 and 1999. These results overlapped with
buprofezin results obtained within the same year for
the Imperial and Palo Verde regions with no signiÞ-
cant differences in the LC50s ranging from 1.25 to 3.25
mg (AI)/liter�1.

In the absence of any buprofezin selection, the data
indicate that baseline susceptibility levels inwhiteßies
are likely to vary considerably. This poses an inter-
esting dilemma for future resistancemonitoring to the

two IGRs. Distinguishing between natural tolerance
and genuine resistance (caused by a change in resis-
tance gene frequency due to selection) could there-
fore prove very difÞcult.
Slopes of the probit regression estimates were not

equal for all locations for the two compounds. The
regression lines of most Þeld populations varied from
a low of 1.0Ð2.5 with one exception of 3.5 in August
1998. The lower slopes suggest a high degree of het-
erogeneity in these populations and probably account
for the wide variation in LC50s.
The relative toxicity to buprofezin among all pop-

ulations sampled in 1997, 1998 and 1999 is represented
by the mean � SEM LC50s in Fig. 1. A comparison of

Fig. 1. Mean � SEM LC50s for buprofezin against
nymphs of B. argentifolii populations from Imperial Valley
(IV), Palo Verde Valley, (PV), and San Joaquin Valley (SJ)
in California, and Yuma Valley (YV) in Arizona during 1997
(F � 2.35, df � 2, P � 0.05), 1998 (F � 0.42, df � 3, P � 0.05),
and 1999 (F � 11.61, df � 3, P � 0.05).

Table 3. Baseline monitoring of field populations of whiteflies from California and Arizona to buprofezin in 1999

Location Field # Date/Year n Slope � SE
LC50 (mg [AI]/1�1)

(95% CI)
�2 (df)

Imperial 1 June Õ99 429 1.2 � 0.21 0.17 (0.02Ð4.61) 7.60 (5)
Imperial 2 June Õ99 547 1.4 � 0.32 0.15 (0.03Ð3.88) 6.15 (4)
Imperial 3 July Õ99 633 1.7 � 0.27 0.03 (0.009Ð0.92) 5.32 (5)
Imperial 4 July Õ99 561 1.1 � 0.45 1.02 (0.04Ð10.45) 7.16 (5)
Imperial 5 Aug Õ99 393 1.5 � 0.36 0.22 (0.01Ð4.52) 10.74 (5)
Imperial 6 Aug Õ99 624 1.6 � 0.28 0.07 (0.008Ð1.52) 7.29 (4)
Imperial 7 Aug Õ99 639 2.0 � 0.23 0.09 (0.01Ð1.04) 9.22 (5)
Imperial 8 Sept Õ99 577 2.1 � 0.21 1.34 (0.12Ð6.11) 5.76 (5)
Imperial 9 Sept Õ99 614 1.7 � 0.34 2.21 (0.56Ð6.41) 6.24 (4)
Imperial 10 Sept Õ99 528 1.5 � 0.32 0.98 (0.07Ð4.63) 8.12 (5)
Imperial 11 Nov Õ99 506 1.8 � 0.28 0.76 (0.08Ð3.92) 10.70 (5)
Imperial 12 Nov Õ99 641 1.4 � 0.42 0.09 (0.007Ð1.35) 7.42 (4)
Palo Verde 1 Aug Õ99 412 1.6 � 0.38 3.64 (0.72Ð8.74) 6.12 (5)
Palo Verde 2 Aug Õ99 572 1.8 � 0.26 3.45 (0.97Ð7.22) 7.34 (5)
Palo Verde 3 Sept Õ99 509 1.5 � 0.34 4.22 (0.89Ð9.12) 4.89 (4)
Palo Verde 4 Oct Õ99 621 2.0 � 0.22 2.31 (0.91Ð6.79) 7.53 (5)
Palo Verde 5 Nov Õ99 563 2.1 � 0.20 2.98 (1.00Ð7.32) 8.92 (5)
San Joaquin 1 Sept Õ99 369 1.7 � 0.33 1.82 (0.14Ð7.02) 7.21 (5)
San Joaquin 2 Oct Õ99 487 1.4 � 0.40 7.67 (0.91Ð10.42) 6.18 (5)
San Joaquin 3 Nov Õ99 439 2.0 � 0.23 3.28 (1.02Ð6.74) 9.59 (5)
Yuma 1 Sept Õ99 497 1.8 � 0.36 1.91 (0.28Ð6.77) 10.64 (5)
Yuma 2 Sept Õ99 546 2.5 � 0.16 3.20 (0.97Ð5.92) 7.96 (5)
Yuma 3 Oct Õ99 601 1.7 � 0.42 2.87 (0.86Ð7.20) 8.45 (4)
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buprofezin toxicity over the three years showed a
deÞnite variation in susceptibility from year to year.
The highest mean LC50 of 14.0 (�3.93) mg (AI)/
liter�1 inSan JoaquinValleypopulationswasobserved
in 1997 but was not signiÞcantly different than other
whiteßy populatons (F � 2.35; df � 2, 11; P � 0.05).
Buprofezinwas generallymore toxic to all populations
in 1998 including the San Joaquin Valley populations
(Means ranging from 1.31 to 2.28 (�0.46Ð0.65) mg
(AI)/liter�1 showing no signiÞcant inter-regional dif-
ferences (F� 1.02; df� 3, 12;P� 0.05). Slightlyhigher
LC50s were again observed in San Joaquin Valley
whiteßies during 1999 (mean � 4.25 � 0.68 mg [AI]/
liter�1) compared with other whiteßy populations.
However, the insects from Imperial Valley are signif-
icantlymore susceptible to buprofezin as indicated by
the lowest mean LC50 of 0.59 � 0.34 mg (AI)/liter�1

(F � 11.61; df � 3, 19; P � 0.05) of the inter-regional
populations. This indicates a decline in LC50s in 1999
compared with the previous years. The range of sus-
ceptibility to buprofezin for Yumapopulations did not
vary greatly from year to year.

Baseline Susceptibility to Pyriproxyfen. Suscepti-
bility ofwhiteßyeggs topyriproxyfen from thevarious
locations in California and Arizona between 1997 and
1999 ranged from LC50s of 0.003Ð9.7 mg (AI)/liter�1

(Tables 4Ð6). This represents a signiÞcantly wide
range of sensitivity of over 3,000-fold to pyriproxyfen.
However, due to high LC50s of four (range, from 4.31

to 10.02mg [AI]/liter�1) out of 53 Þelds, this estimate
appears skewed from themoderate distribution of the
majority of the LC50s which are below 3 mg (AI)/
liter�1 which gives a 1,047-fold variation instead. For
example,whiteßies fromoneÞeld site in PaloVerde in
1997 showed a high LC50 of 10 mg (AI)/liter�1 with
a similar level of toxicity (LC50 � 9.75 mg [AI]/
liter�1) in 1998 for a nearby Þeld site. In general,
populations from Palo Verde showed higher LC50s in
1997 and 1998 (range, of LC50s from 1.2Ð10.02 mg
[AI]/liter�1) compared with the Imperial or San Joa-
quin Valley insects (LC50s � 0.03Ð5.01 mg [AI]/li-
ter�1). San Joaquin Valley insects were the most sus-
ceptible topyriproxyfenduring the 3-yr samplingwith
the lowest LC50s (ranging from 0.03 to 1.27 mg [AI]/
liter�1). The conÞdence limits showed signiÞcant sta-
tistical differences for pyriproxyfen for Palo Verde
whiteßies comparedwith the other three regions. De-
spite the wide range in whiteßy responses to pyri-
proxyfen, the toxicity to pyriproxyfenwas found to be
consistently lower than buprofezin, with the LC50s at
least three-fold lower between the least susceptible
populations of the two compounds. In this study, pyr-
iproxyfen was observed to have greater ovicidal ac-
tivity compared with larvicidal activity (unpublished
data of N. Prabhaker).
Pyriproxyfen proved very effective against the eggs

of theYumapopulationsduringbothyears of sampling
(Tables 5 and 6). The LC50 for the Yuma populations

Table 4. Baseline monitoring of field populations of whiteflies from California to pyriproxyfen in 1997

Location Field # Date/Year n Slope � SE
LC50 (mg [AI]/1�1)

(95% CI)
�2 (df)

Imperial 1 July Õ97 1,178 1.9 � 0.24 5.01 (1.63Ð11.21) 9.91 (5)
Imperial 2 July Õ97 752 2.1 � 0.17 1.56 (0.43Ð8.06) 8.47 (5)
Imperial 3 Sept Õ97 414 1.9 � 0.27 0.94 (0.06Ð6.78) 6.45 (4)
Imperial 4 Sept Õ97 566 1.5 � 0.46 0.61 (0.04Ð4.29) 8.07 (4)
Imperial 5 Oct Õ97 635 2.2 � 0.20 1.17 (0.72Ð5.84) 7.73 (5)
Palo Verde 1 Aug Õ97 414 5.9 � 0.17 10.02 (7.27Ð12.10) 9.24 (5)
Palo Verde 2 Aug Õ97 575 2.3 � 0.45 1.20 (0.19Ð5.12) 6.60 (4)
Palo Verde 3 Aug Õ97 632 2.1 � 0.25 2.51 (0.93Ð6.43) 10.87 (5)
San Joaquin 1 Aug Õ97 585 1.9 � 0.77 0.06 (0.005Ð1.51) 7.92 (4)
San Joaquin 2 Aug Õ97 390 1.8 � 0.21 0.16 (0.04Ð2.67) 11.29 (5)
San Joaquin 3 Sept Õ97 620 2.3 � 0.43 0.03 (0.005Ð1.01) 9.83 (5)

Table 5. Baseline monitoring of field populations of whiteflies from California and Arizona to pyriproxyfen in 1998

Location Field # Date/Year n Slope � SE
LC50 (mg [AI]/1�1)

(95% CI)
�2 (df)

Imperial 1 Aug Õ98 726 2.1 � 0.27 1.52 (0.45Ð6.89) 7.95 (5)
Imperial 2 Aug Õ98 548 1.9 � 0.32 0.09 (0.006Ð2.84) 9.23 (5)
Imperial 3 Sept Õ98 673 2.3 � 0.19 2.43 (0.87Ð7.56) 5.94 (4)
Imperial 4 Sept Õ98 589 2.4 � 0.21 3.14 (1.24Ð8.03) 4.85 (4)
Palo Verde 1 Aug Õ98 2269 2.7 � 0.05 2.95 (0.75Ð4.11) 9.20 (4)
Palo Verde 2 Aug Õ98 701 1.2 � 0.42 1.17 (0.50Ð5.42) 8.18 (5)
Palo Verde 3 Oct Õ98 1772 2.0 � 0.21 9.75 (7.91Ð11.67) 4.63 (5)
Palo Verde 4 Oct Õ98 844 1.7 � 0.28 3.21 (1.86Ð4.10) 5.11 (4)
San Joaquin 1 Aug Õ98 4193 1.6 � 0.26 1.12 (0.70Ð3.12) 10.54 (5)
San Joaquin 2 Sept Õ98 1054 1.3 � 0.29 1.27 (0.25Ð3.65) 7.72 (4)
San Joaquin 3 Oct Õ98 965 1.4 � 0.28 0.96 (0.17Ð2.93) 6.34 (4)
Yuma 1 Aug Õ98 516 1.6 � 0.21 0.67 (0.09Ð2.12) 10.23 (5)
Yuma 2 Aug Õ98 864 1.4 � 0.34 0.98 (0.32Ð2.67) 7.35 (4)
Yuma 3 Sept Õ98 552 1.3 � 0.23 1.07 (0.27Ð3.05) 9.71 (5)
Yuma 4 Sept Õ98 587 1.2 � 0.41 0.85 (0.21Ð2.51) 3.83 (4)
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ranged from 0.67 to 1.07 mg (AI)/liter�1 in 1998 and
in1999 ranged from0.56 to1.8mg(AI)/liter�1.White-
ßies collected from the various sites in Yuma during
the two years of sampling were not signiÞcantly vari-
able in their responses to pyriproxyfen. With the ex-
ception of Palo Verde whiteßy eggs, which were less
sensitive to pyriproxyfen, the LC50 values of whiteßy
eggs from Imperial and San Joaquin valleys were not
signiÞcantly different from the Yuma populations.
The regression lines of the Þeld populations to pyr-

iproxyfen were generally higher compared with the
responses exhibited by whiteßies to buprofezin. This
may indicate that pyriproxyfen is a more effective
compound than buprofezin and elicits a faster re-
sponse in whiteßies resulting in a range of mortality
occurring within a narrow range of concentrations.
Looking at the combined data for 1997Ð1999, pyr-

iproxyfen appeared to be more effective to whiteßy
populations in 1999 (Fig. 2). The highest mean LC50

was observed in the Palo Verde populations at ap-
proximately 5 mg (AI)/liter�1 in both 1997 and 1998,
butwas not signiÞcantly higher than theLC50s ofmost
other populations tested (F � 1.80; df � 3, 10; P � �
0.05).However, the PaloVerdeValleywhiteßieswere
more susceptible in 1999 compared with the two pre-
vious years (mean � 2.01 � 0.32 mg [AI]/liter�1).
Whiteßies from the Imperial Valley were more sus-
ceptible to pyriproxyfen in 1999 (mean � 0.76 � 0.21,
F � 3.60; df � 3, 22; P � 0.05).

Discussion

This study was initiated to begin resistance moni-
toringofÞeldpopulationsofwhiteßies fromCalifornia
and Arizona agricultural regions to the newly intro-
duced chemicals, buprofezin and pyriproxyfen (To-

scanoet al. 1998)under the assumption that resistance
genes are absent due to lack of exposure and selection.
Laboratory bioassays of Þeld collected populations
have clearly shown that immature stages of whiteßies
are signiÞcantly variable in their responses to the two
IGRs. However, despite the variability, there was no
signiÞcantdecrease inoverall susceptibilityduring the
study period. In 1997, there was signiÞcant intra-re-
gional variation in whiteßies collected from San Joa-
quinValley to buprofezin. Populations in Imperial and
Palo Verde Valleys did not differ signiÞcantly and
exhibited levels of sensitivity similar to the most sus-
ceptible population of San Joaquin Valley. In 1998 and

Fig. 2. Mean � SEM LC50s for pyriproxyfen against
nymphs of B. argentifolii populations from Imperial Valley
(IV), Palo Verde Valley (PV), and San Joaquin Valley (SJ)
in California, and Yuma Valley (YV) in Arizona during
1997(F � 1.80, df � 2, P � 0.05), 1998 (F � 2.91, df � 3, P �
0.05) and 1999 (F � 3.60, df � 3, P � 0.05).

Table 6. Baseline monitoring of field populations of whiteflies in California and Arizona to pyriproxyfen in 1999

Location Field # Date/Year n Slope � SE
LC50 (mg [AI]/1�1)

(95% CI)
�2 (df)

Imperial 1 June Õ99 455 2.8 � 0.12 0.72 (0.32Ð1.88) 8.86 (5)
Imperial 2 June Õ99 442 2.6 � 0.18 0.85 (0.36Ð2.01) 5.82 (4)
Imperial 3 July Õ99 604 2.3 � 0.23 0.03 (0.01Ð0.61) 9.11 (4)
Imperial 4 July Õ99 562 1.9 � 0.33 0.05 (0.01Ð0.82) 10.27 (5)
Imperial 5 Aug Õ99 734 2.7 � 0.09 0.87 (0.33Ð1.06) 6.24 (4)
Imperial 6 Aug Õ99 806 1.9 � 0.32 1.06 (0.16Ð1.51) 9.81 (5)
Imperial 7 Aug Õ99 762 1.6 � 0.41 1.51 (0.49Ð2.46) 7.53 (4)
Imperial 8 Aug Õ99 796 2.1 � 0.27 0.74 (0.39Ð1.83) 6.98 (4)
Imperial 9 Sept Õ99 824 2.2 � 0.31 1.36 (0.35Ð2.21) 6.24 (5)
Imperial 10 Sept Õ99 673 2.7 � 0.12 1.48 (0.42Ð2.05) 10.45 (5)
Imperial 11 Nov Õ99 836 2.4 � 0.20 1.19 (0.37Ð1.99) 5.08 (4)
Imperial 12 Nov Õ99 922 2.3 � 0.26 0.16 (0.09Ð1.44) 9.22 (5)
Palo Verde 1 Aug Õ99 504 1.6 � 0.33 4.31 (2.1Ð26.6) 11.42 (5)
Palo Verde 2 Aug Õ99 437 1.9 � 0.29 1.08 (0.22Ð13.4) 7.76 (4)
Palo Verde 3 Aug Õ99 526 2.0 � 0.25 2.94 (1.20Ð10.36) 9.81 (5)
Palo Verde 4 Sept Õ99 496 1.6 � 0.32 1.56 (0.58Ð7.74) 3.12 (4)
Palo Verde 5 Oct Õ99 565 1.5 � 0.49 0.97 (0.13Ð4.53) 8.24 (5)
Palo Verde 6 Nov Õ99 624 2.3 � 0.26 1.28 (0.36Ð6.54) 5.70 (4)
San Joaquin 1 Sept Õ99 534 1.8 � 0.32 0.96 (0.02Ð1.21) 9.65 (5)
San Joaquin 2 Oct Õ99 476 2.5 � 0.21 0.54 (0.12Ð2.36) 4.52 (4)
San Joaquin 3 Oct Õ99 528 1.9 � 0.34 0.61 (0.24Ð2.53) 7.42 (5)
San Joaquin 4 Nov Õ99 441 1.6 � 0.38 0.83 (0.38Ð2.97) 8.23 (4)
Yuma 1 Sept Õ99 653 1.7 � 0.28 1.86 (0.89Ð3.78) 6.33 (4)
Yuma 2 Sept Õ99 582 2.2 � 0.23 0.56 (0.28Ð2.76) 8.28 (4)
Yuma 3 Oct Õ99 496 1.5 � 0.42 0.92 (0.51Ð3.16) 10.15 (5)
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1999, levels of toxocity were similar in all four regions,
althoughLC50swere slightly lower in 1999. In the case
of pyriproxyfen, generally whiteßies from the Palo
Verde region of California were least susceptible but
were more susceptible to buprofezin.
IdentiÞcaton of variations in responses of whiteßies

and the doseÐresponse relationships reported in this
study through baseline monitoring are now a useful
database for continuedmonitoring in situationswhere
the products are used in control programs. They also
provide a foundation for futuremanagement ofwhite-
ßy populations. The potential use of these two selec-
tive compounds in the management of whiteßies is
encouraging and was demonstrated in managing re-
sistant whiteßies in Arizona (Dennehy and William
1997).
Regional differences in susceptibility to buprofezin

have been recorded by several workers (Cahill et al.
1996, Simmons et al. 1997, Yasui et al. 1997, Ellsworth
et al. 1999), although the reported differences were
generally small in the range of 0.53Ð6.4 mg/liter�1

with two exceptions of greenhouse populations that
exhibited higher LC50s of 15.8 (Almeria population)
and 24.7 (Netherlands population) mg/liter�1. These
differences, although not strikingly higher, may also
be associated with the bioassay technique. Different
bioassay techniques reveal responses of differentmag-
nitude (Dennehy et al. 1983, McCaffery et al. 1988,
Shouest and Miller 1991, Prabhaker et al. 1996). The
methods selected to determine resistance in Þeld pop-
ulations to the IGRs should be standardized to permit
comparisons of different studies.
An apparent increase in toxicity was observed in

1998 and 1999, indicating an absence of resistance to
the two IGRs between August 1997 and November
1999.Theabsenceof a shift towardresistance inwhite-
ßy populations suggests a slow adaptation of one or
more defense systems in whiteßies. In Israel, three
successive applications of pyriproxyfen led to resis-
tance levels as high as 500-fold under greenhouse
conditions (Horowitz and Ishaaya 1994). The in-
creased susceptibility to the two IGRs in both the
California and Arizona populations probably reßects
the judicioususeof the twocompoundsduring the last
three years.
Although resistance to buprofezin has been re-

ported inwhiteßypopulations fromIsrael (Cahill et al.
1996, Horowitz and Ishaaya 1994), resistance to the
two IGRs has not been reported previously in the
populations from United States. A consistent level of
susceptibility to buprofezin was observed during 5 yr
of monitoring in Arizona with baseline estimates be-
low 11 mg/liter�1(Ellsworth et al. 1999). Our results
also conÞrm the present status of high susceptibility to
the two IGRs. In spite of the higherLC50s at some sites
in California, resistance inwhiteßy test populations to
buprofezin and pyriproxyfen is not suspected at the
present time because these test individuals did not
survive the recommended rate of commercial use. All
the LC50 values reported in this study are signiÞcantly
lower than the Þeld rates of 2100 and 323 mg (AI)/
liter�1 for buprofezin and pyriproxyfen respectively.

Both IGRs appear to give good control of whiteßies.
Therefore, the differences in LC50s observed may be
due to a natural variation in tolerance especially at the
inter-regional level. Also the previous history of in-
secticide exposure in each agricultural region may
inßuence the response of whiteßies to the IGRs.
There was no correlation between the toxicities of

buprofezin and pyriproxyfen either within or among
regional populations. This is an encouraging sign be-
cause it suggests the absence of a commonmechanism
of defense against the two IGRs. Future studies should
consider the potential role that resistance to other
chemical classes plays with regard to the relative sus-
ceptibility of whiteßies to IGRs, because IGRs are
considered to be important components of IRM pro-
grams both in California and Arizona.
This study included only estimates of lethal effects

against the egg or the immatures stages ofwhiteßies as
shownbyLC50s toevaluatebaseline toxicityof the two
IGRs. The importance of sublethal effects was not
determined in this study. When compounds such as
the IGRs which are slow acting and age speciÞc, are
evaluated for toxicity against a target pest, the total
effect of both lethal and sublethal effects should be
evaluated (Stark and Rangus 1994), as they both play
a role in the insectÕs response. For example, in the case
ofpyriproxyfen, although themortality of theeggswas
estimated on day 8 after deposition of eggs and ap-
plication of the insecticide, the subsequent survival of
Þrst stage immatures at certain concentrationswas not
estimated. This could result in an underestimate of the
total effect of these two IGRs by avoiding sublethal
effects. For our monitoring studies, it seemed sufÞ-
cient to estimate the effect of the two IGRs against
speciÞc stages at a selected time.

Neither buprofezin nor pyriproxyfen are toxic to
whiteßy adults (Ishaaya et al. 1988). Therefore, it was
necessary to measure the effectiveness of these two
IGRs against the egg stage or larval survival to adult-
hood. Previous studies have shown that pyriproxyfen
was effective against whiteßy eggs (Ishaaya and
Horowitz 1992, Horowitz and Ishaaya 1994). With
pyriproxyfen, day 8 from the time of egg deposition
was chosen as an evaluation period because it nor-
mally takes 5Ð7 d for eggs to hatch. Although we
checked the mortality of eggs by the eighth day, the
experiment was not terminated until the larvae had
developed to the adult stage. Based on this evaluation
method, which results in higher LC50 values, the se-
lected pyriproxyfen concentrations did not lead to an
adaptation toward resistance.
To obtain a realistic picture of Þeld efÞcacy of the

new compounds, both laboratory and Þeld suscepti-
bility tests need to be conducted. Ellsworth et al.
(1999) accomplished this by monitoring for suscepti-
bility to buprofezin using methods that allowed eval-
uation of Þeld developed immatures.
A number of insecticides are available for whiteßy

control at the present time. However, the availability
of two more effective insecticides with different
modes of action increases the options available to
diversify chemistries within a resistance management
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program. The two IGRs have great potential for re-
ducing broad scale insecticide use to that of selective
and special use. These compounds are slow acting
against a narrow range of sensitive stages of the in-
sectÕs life cycle and thus potentially reduce selection
pressure exerted by the conventional chemistries.
Future studies must include continuous monitoring

of buprofezin and pyriproxyfen to track the responses
of whiteßy populations to these IGRs. If a shift in
susceptibility is observed, a resistance management
program should be initiated. The best procedure to
preserve the effectiveness of new compounds is to
minimize selection pressure by resistance manage-
ment. Careful planning of insecticide use can forestall
but not necessarily solve the problem. Even with the
best programs of resistance management it is often
necessary to shift to new compounds acting on novel
targets and then continuewith a policy ofmimimizing
selection pressure. The conclusions from our moni-
toring survey may have a direct inßuence on the de-
velopment of resistance management strategies. Ad-
ditionally, because each insecticide and the resistance
that could potentially develop to that insecticide may
have very different properties under different ecolog-
ical environments, basic information is necessary on
the dynamics of resistance development in each re-
gion. Therefore, the impact of long-term comparisons
of inter-regional monitoring of whiteßies is valuable
fordevelopingmanagementprogramsandwill becon-
tinued.
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